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SUMMARY 
Th in  f i l m s  o f  Na2S04 and Na2C03 molten s a l t  depos i t s  were used t o  corrode 
s i n t e r e d  S I C  and SI3N4 a t  1000 "C. 
g r a i n  boundary e t c h i n g  r e s u l t i n g  i n  s t reng th  decreases ranging f rom 15  t o  
50 percent .  Corrosion p i t s  were t h e  predominant sources o f  f r a c t u r e .  The 
o f  t h e  p i t ,  as p r e d i c t e d  f rom f r a c t u r e  toughness considerat ions.  
and bubble fo rma t ion  were key aspects o f  p i t  format ion.  
t i o n s  o f  furnace exposures h e l d  t r u e  I n  a more r e a l i s t i c  burner r i g  t e s t .  
The r e s u l t i n g  a t t a c k  produced p i t t i n g  and 
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degree o f  s t r e n g t h  decrease was found t o  be roughly c o r r e l a t e d  w i th  t h e  depth 
Gas e v o l u t i o n  
Many o f  t h e  observa- 
INTRODUCTION 
Th is  paper i s  a companion t o  the prev ious paper which has descr ibed t h e  
chemical mechanisms o f  molten sodium s a l t  co r ros ion  o f  s i l icon-based ceramics. 
The major aspect o f  t h a t  work i s  t h a t  Na2S04 and Na2C03 s a l t s  r e a c t  w i t h  S I C  
and Si3N4 i n  t h e  presence o f  oxygen t o  form a l i q u i d ,  nonpro tec t i ve  c o r r o s i o n  
product  o f  Na20.xSi02 and gas e v o l u t i o n  o f  CO, C02, o r  N2 ( r e f .  1 ) .  
present  paper summarizes t h e  corros ion e f f e c t s  on t h e  sur face morphology and 
f l e x u r a l  s t r e n g t h  as descr ibed i n  prevlous p u b l i c a t i o n s  ( r e f s .  2 t o  5). The 
pr imary t h r u s t  i s  t o  show how t h i s  surface m o d i f i c a t i o n  causes a commensurate 
and ser ious e f f e c t  on r e s i d u a l  strength.  
The 
EXPERIMENTAL PROCEDURE 
The m a t e r i a l s  tes ted  were commercially a v a i l a b l e  s i n t e r e d  SIC and SI3N4 
as l i s t e d  i n  t a b l e  I. 
These m a t e r i a l s  a r e  b a s i c a l l y  pressureless s i n t e r e d  ceramics w i t h  the 
except ion o f  K X O l  which i s  r e a c t i o n  s in tered.  M a t e r i a l  A conta ins f r e e  carbon 
and B4C used as s i n t e r i n g  a ids .  
s i n t e r i n g  a ids .  M a t e r i a l  D conta ins r e s i d u a l  f r e e  S i .  M a t e r i a l  E con ta ins  
A1203 and Y2O3 as s i n t e r i n g  a ids .  
e i t h e r  machined o r  manually po l i shed  t o  about a 15 pm f i n l s h .  
t e s t i n g  the  s a l t  was f i r s t  sprayed f r o m  a saturated water s o l u t i o n  t o  a t h i c k -  
o f  4 atm (400 kPa), a t  a v e l o c i t y  o f  95 m/sec, and a t  sodium doping l e v e l s  o f  
2 and 4 ppm. J e t  A f u e l  havtng 0.05 percent  s u l f ~ r  I m p u r i t y  was used. The 
a t t a c k  morphologies were examined p r i m a r i l y  by SEM a f t e r  t h e  c o r r o s i o n  products 
were d i sso l ved  i n  a 10 percent  HF-H20 s o l u t i o n .  
obta ined i n  a f o u r - p o i n t  bend r i g  a t  a l oad ing  r a t e  o f  0.05 cm/min. The f r a c -  
t u r e  o r i g i n s  were examined bo th  before and a f t e r  d i s s o l u t i o n  o f  t he  c o r r o s i o n  
products .  
Ma te r la l  C a l s o  employs boron and carbon as 
The t e s t  specimens were 1 i n .  f l e x u r e  bars 
Fo r  furnace 
* ness o f  about 2 t o  3 mg/cm2. Burner r i g  t e s t i n g  was performed a t  a pressure 
F l e x u r a l  s t rengths were 
RESULTS AND DISCUSSION 
I 2 
sic 
Furnace corrosion of SIC (A) by Na2S04 in a 0.1 percent S02/02 atmosphere 
resulted in the most severe mode of attack. This occurred because of the syn- 
'ergistic effect of the free carbon in this material, i.e., very basic condi- 
tions at the melt-Sic interface, and excessive gas evolution of SO3 and CO. 
The material was severely etched by hot corrosion as shown in figure 1 for a 
sample whose corrosion products were removed by HF dissolution. 
Na2S04/air and Na2C03/C02 environments produced somewhat less severe attack 
morphologies. 
figure 1 and regions that showed grain boundary etching rather than pitting. 
Corrosion in 
These exposures resulted in shallower pits than those in 
The results of the flexural tests on the as-received and corroded mate- 
rials are shown in figure 2. Considerable strength reductions occurred for the 
Na2S04 exposures which were statistically significant at the 95 percent level 
according to the t-test. 
due to the wide distributions in pit morphology and was not significantly lower 
than the as-received strength. 
The Na2C03 exposure produced a large scatter band 
A typical fracture origin for SIC (A) is shown in figure 3 for Na2S04/S03 
corrosion. Note that the honeycomb-like pit is the center of the crack pattern 
and exhibits the complex pit-Sic interface. A detail of a fracture origin from 
a duplicate sample is shown in figure 4. Here the interface is revealed before 
and after HF dissolution of the corrosion products. Note that a gas bubble was 
present in the oxide very close to the SIC. This was a common observation and 
will be related to the mechanism of pitting later. 
The strength of Sic should be governed by the criterion for brittle 
failure: ' 
ZKIc 
ef = ya1/2 
where 2 and Y are flaw shape and geometry factors, Klc is fracture tough- 
ness (2.8 MPa = m1/2), and IIar is the depth of an atomically sharp semi- 
circular critical flaw. Although this definition of the critical flaw does not 
strictly apply to the pits causing failure, a reasonable correlation between 
strength and pit depth was found (fig. 5). The average value of K I ~  deter- 
mined from this data was 2.6 MPa = m112 and was very close to the indepen- 
dently determined value. 
the corrosion pits controls the degree of strength degradation. 
This correlation and agreement show that the size of 
Burner rig exposures also caused considerable strength reductions of this 
The morphology and chemistry of the corro- and other Sic materials, figure 6. 
sion product and the degree of strength reduction were most similar to those 
produced by NazSOq/air furnace exposures. One major difference was that the 
burner rig supplied continuous deposition of Na2S04 resulting in thicker 
Na20=xSi02 liquid layers. The high gas velocities forced this viscous prod- 
uct toward the trailing edges and caused more extensive surface 
(20 pm) as compared to the leading edge (<5 pm). However the size of the pits 
was much greater at the leading edge as shown by the montage across the width 
of a specimen surface (fig. 7). A limited amount of fractography showed that 
recession 
s i m i l a r  c o r r o s i o n  p i t  f r a c t u r e  o r i g i n s  e x i s t e d  f o r  m a t e r i a l s  A, B, C, and 0. 
Also t h e  depth of t h e  p i t s  causing f a i l u r e  i n  m a t e r i a l  A agreed w i th  t h e  amount 
o f  s t r e n g t h  degradat ion according t o  equat ion (l), g i v i n g  an average K I ~  
o f  3.3 MPa ml/2. 
The p r e l i m i n a r y  r e s u l t s  f o r  SI3N4 show ‘somewhat s i m i l a r  behavior t o  those 
f o r  SIC.  St rength reduct ions on t h e  order o f  25 t o  30 percent  were observed 
f o r  m a t e r i a l s  E, F, and G i n  burner r i g  t e s t s  ( f i g .  8) .  The reduc t i on  f o r  a 
Na2S04/02 furnace t e s t  of m a t e r i a l  E was s i m i l a r  t o  t h a t  o f  t h e  r i g  t e s t ,  
however t h e  d i f f e r e n t  batch o f  ma te r ia l  r e s u l t e d  i n  a d i f f e r e n t  as-received 
s t rength.  
The p r e c i s e  a t t a c k  morphology a t  t h e  Na20*xSi02 - SI3N4 i n t e r f a c e  has 
n o t  been examined as success fu l l y  as the  SIC case. 
c o r r o s i o n  products was a l s o  found t o  a t t a c k  t h e  ox ide g r a i n  boundary phases 
( A l ,  Y s i l i c a t e s )  such t h a t  some SI3N4 g r a i n s  were a l s o  removed. 
f ractography o f  non-HF t r e a t e d  samples d i d  reveal  t h a t  t h e  f a i l u r e  o r i g i n s  were 
i n  reg ions where a r rays  of gas bubbles had ex i s ted .  A lso bubbles were o f t e n  
l oca ted  w i t h i n  t h e  scale a t  t h e  o r i g i n  ( f i g .  9 ) .  The depth o f  p i t t i n g  appeared 
minimal f o r  t h e  furnace specimens, about 10 t o  20 pm. However t h e  burner r i g  
samples showed more evidence o f  p i t t i n g ,  amounting t o  20 t o  60 pm. 
HF d i s s o l u t i o n  o f  t h e  
However 
P i t t i n g  
C l e a r l y ,  p i t t i n g  was t h e  major mode o f  a t t a c k  f o r  SIC and was probably 
impor tan t  f o r  SI3N4 as w e l l .  Understanding t h i s  a t t a c k  mode i s  t h e r e f o r e  
c r i t i c a l  t o  understanding t h e  r o o t  cause o f  s t r e n g t h  reduc t i on  i n  t h e  h o t  cor-  
r o s i o n  o f  ceramics. One o f  t h e  major f a c t o r s  i n  p i t  f o rma t ion  on SIC was found 
t o  be t h e  fo rma t ion  o f  gas bubbles and t h e  d i s r u p t i o n  o f  t h e  p r o t e c t i v e  i n n e r  
l a y e r  o f  Si02 t h a t  even tua l l y  forms as t h e  SI/Na r a t i o  increases d u r i n g  
co r ros ion .  
An example o f  t h i s  d i s rup ted  f i l m  i s  shown i n  f i g u r e  10 f o r  m a t e r i a l  A 
a f t e r  j u s t  1 h r  o f  co r ros ion .  Here  the water s o l u b l e  Na20*xSi02 ou te r  sca le 
has been d i sso l ved  away l e a v i n g  on ly  the  i n n e r  Si02 l a y e r .  
regions where bubbles ex is ted,  a l l ow ing  cont inued c o r r o s i o n  o f  t he  SIC by t h e  
nonpro tec t i ve  Na20*xSi02 l i q u i d  scale. 
reg ions w h i l e  t h e  adjacent areas were protected.  The l o c a t i o n  o f  p i t s  i n  t h e  
SIC d i r e c t l y  beneath these holes i s  c l e a r l y  ev ident .  We t h e r e f o r e  m a i n t a i n  
t h a t  gaseous co r ros ion  products (CO, C02, SO3, and N2) and bubble fo rma t ion  
a r e  t h e  key f a c t o r s  i n  producing t h e  c r a t e r - l i k e  s t r e n g t h - c o n t r o l l i n g  p i t s .  
s i t u a t i o n  f o r  SI3N4 has n o t  been as c l e a r l y  de f i ned  a t  t h i s  t ime. 
o f  t h e  g r a i n  boundary oxide by Na may be an a d d i t i o n a l  f a c t o r  here. 
The holes were 
Thus c o r r o s i o n  p e r s i s t e d  i n  these 
The 
Degradation 
Other types o f  p i t t i n g  appear t o  be i n n a t e  t o  Si-base m a t e r i a l s  i n  t h e  
presence o f  molten s a l t s .  For example, s i n g l e  c r y s t a l  S I C  has no excess carbon 
and t h e r e f o r e  a reduced p o t e n t i a l  f o r  CO bubble format ion.  It a l s o  has no 
g r a i n  boundaries which would serve as p r e f e r e n t i a l  e t c h i n g  s i t e s .  S ing le  
c r y s t a l  S i  has no carbon whatsoever and no p o t e n t i a l  f o r  gaseous c o r r o s i o n  
products.  
c o r r o s i o n  ( f i g .  11).  I n  these cases the p i t s  were c r y s t a l l o g r a p h i c  i n  nature,  
Nevertheless both ma te r ia l s  showed evidence o f  . p i t t i n g  by Na2C03 
3 
much f i n e r  than the bubble-induced p i t t i n g ,  and l e s s  f requen t  i n  t h e  semi- 
conductor grade ( d i s l o c a t i o n - f r e e )  S i .  
SUMMARY AND CONCLUSIONS 
Na2S04 and Na2C03 co r ros ion  o f  S I C  and SI3N4 has r e s u l t e d  i n  sur face  
degradat ion due t o  p i t t i n g  a t tack .  
assoc ia ted  w i t h  bubble fo rmat ion  and d i s r u p t i o n s  i n  t h e  i n n e r  Si02 l a y e r  f o r  S i c  
m a t e r i a l s .  
degradat ion ranged from 15 t o  50 percent f o r  S I C  and 25 t o  35 percent  f o r  Si3N4 
depending on t h e  s p e c i f i c  m a t e r i a l  and exposure c o n d i t i o n .  
sures produced s i m i l a r  r e s u l t s  and conclusions t o  those o f  t h e  furnace t e s t s ,  
w i t h  t h e  p o t e n t i a l  f o r  g rea te r  t o t a l  amounts o f  s u l f a t e  depos i t ion ,  sca le  f o r -  
mation, and surface recession. These s tud ies  i n d i c a t e  t h a t  t h e  cond i t i ons  o f  
sodium i n g e s t i o n  and Na2S04 depos i t i on  must be avoided f o r  heat engines 
i n t e n d i n g  t o  u t i l i z e  h igh  temperature S I C  and SI3N4 m a t e r i a l s .  
The most de t r imen ta l  t ype  o f  p i t t i n g  was 
The s t r e n g t h  
Burner r i g  expo- 
A lesser  degree o f  p i t t i n g  was observed f o r  Si3N4. 
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TABLE I .  - COMMtRCIAL SIC AND Si3N4 
A.  S i c  Hexo loy  (Sohio/Carborundum) 
6. SIC SC 201 ( K y o c e r a )  
C.  SIC 0-SIC (GE)  
D. SIC K X O l  (SohIo/Carborundum) 
E. SI3N4 A Y 6  ( G T t )  
F .  SI3N4 SN50 (NGK) 
G. SI3N4 ( T o s h l  ba )  
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FIGURE 1. - HONEYCOMB PITTING ATTACK MORPHOLOGY AFTER Na2S04/S03 CORROSION 
OF SINTERED S i c  (A). (lOOO°C, 48 hr, CORROSION PRODUCTS REMOVED BY HF 
DISSOLUTION. ) 
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FIGURE 2. - ROOM TEMPERA'IIIRE STRENGTH DEGRADATION 
AFTER FURNACE CORROSION OF SIC (A). (1000 OC, 48 hr. ) 
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(a)  RADIALCRACK LINES EMANATING FROM PIT. (a)  GAS BUBBLE WITHIN SCALE 
(b) HONEYCOMB NATURE OF PIT. 
(b)  PRODUCTS REMOVED BY HF DISSOLUTION 
FIGURE 3. - CORROSION PIT FRACTURE ORIGIN AFTER NazS041S03 FIGURE 4. - DETAIL OF A FRACTURE ORIGIN AT THE SCALE-Sic ( A )  
INTERFACE AFTER Na2S04/S03 FURNACE CORROSION. (1000 OC. 
48 hr. ) 
FURNACE CORROSION OF Sic ( A )  (lOOO°C 48 hr, CORROSION 
PRODUCTS REMOVED B Y  HF DISSOLUTION. ) 
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FIGURE 5. - CORRELATION OF FRACTURE STRENGTH WITH 
CORROSION PIT DEPTH: (0) Na2SO4ISO3 (0) Na2COJCO2. 
(0) Na2S04/AIR CORROSION. ( S i c  (A), l o o 0  OC, 48 hr.) 
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FIGURE 6. - ROOM TEMPERATURE STRENGTH DEGRADATION 
AFTER BURNER RIG CORROSION OF VARIOUS COMMER- 
CIALLY AVAILABLE S i c  MATERIALS (A, B,C, D). (lOOO°C, 
40 hr, 2 pprn Na. 
+ SANPLE WIDTH -t TRAILING EDGE LEADING EDGE 
tIGURE 7. - VARIATION I N  PITTING MORPHOLOGY FOR BURNER RIG CORRODED S i c  (A). (lOOOuC, 13.5 hr, 4ppm Na, CORROSION PRODUCTS 
REMOVED BY HF. ) 
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FIGURE 8. - ROOM TEMPERATURE STRENGTH DEGRADATION AFTER 
BURNER RIG CORROSION OF COMMERCIALLY AVAILABLE Si3N4 
MATERIALS (E. F. GI. (lOoO°C, 40 hr, 2 ppm Na. ) 
8 
ORlGfNAL PAGE 1s 
.ff KXM QUALITY 
( a )  ARRAYS OF BUBBLES EXPOSED ON TOP SURFACE. 
I b l  lRAPPED BUBBLES I N  SCALE CROSS-SECTION. 
FIGURE 9 - FAILURE ORIGIN OF Na2S04102 FURNACE CORRODED (i3N4 ( E l  
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*.- . 
(a )  0.12 pm HEXAGONAL HOLE I N  1 vm HEXAGONAL PIT I N  SINGLE 
CRYSTAL SIC. 
Ib) TEXTURED PITS I N  SINGLE CRYSTAL S i  
FIGURE 10. - PITTING ATTACK BENEATH PORES I N  LOvVER S i 0 2  LAYER FIGURE 11. - CRYSTALLOGRAPHIC PITTING I N  SINGLE CRYSTAL SIC 
AND S i  CAUSED BY Na$0~/CO2CORROSlON. (lOOO°C, 20 hr, 
SCALES REMOVED BY HF DISSOLUTION. ) 
OF CORRODED SIC. (Na2CO41CO2. 10oO°C, 1 hr, OUTER 
N a 2 0 .  xSi02 LAYER DISSOLVED BY H20. ) 
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